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Abstract:
Since its domestication in the Fertile Crescent ~8,000 to 10,000 years ago, wheat has undergone a complex history of spread, adaptation and selection. To get better insights into the wheat phylogeography and genetic diversity, we describe allele distribution through time using a set of 4,506 landraces and cultivars originating from 105 different countries genotyped with a high- 5 density SNP array. Although the genetic structure of landraces is collinear to ancient human migration roads, we observe a reshuffling through time, related to breeding programs, with the apparition of new alleles enriched with structural variations that may be the signature of introgressions from wild relatives after 1960. 10 
Main Text:
Bread wheat (Triticum aestivum L.) is an allohexaploid species originating from two successive rounds of hybridization. The second hybridization event is thought to have occurred in the Fertile Crescent during the Neolithic, ~8,000 to 10,000 years ago (1) (2) (3) (4) . Wheat was firstly domesticated in a part of the Fertile Crescent area, which is today located in southeastern Turkey. Then bread 15 wheat germplasm has evolved along ancient human migration roads. It has been spread by the first farmers from this area both westwards, to Europe, and eastwards, to Asia, from 8,500 to 2,300 BP (5) . After their dissemination in Europe and Asia, domesticated wheat populations have slowly adapted to local environments, becoming so-called landraces. From the 16 th century, bread wheat was introduced in the New World, first in Latin America then in Australia (5) . 20 During the last two centuries, breeding programs were organized to improve these landraces, first in Europe, then in Asia. Finally, after the Second World War, the introduction of dwarf genes in crops during the Green Revolution, in wheat in particular, contributed to dramatic modifications in the genepool over the world (6, 7). Today, with more than 220 million hectares and almost 750 Mt produced every year, wheat is one of the most cultivated and consumed crops worldwide, providing 15% of calories consumed every day (8) . Since the transition from hunting-gathering to agriculture, bread wheat has been essential to the rise of civilizations. It has repeatedly been shaped by selection to meet human needs and adaptation to different 5 environments. Here we report on a worldwide phylogeographical study aiming at understanding this complex history of wheat dissemination and differentiation.
Since previous studies highlighted the importance of both geographical and temporal effects in structuring the wheat diversity (9, 10), a set of 4,506 wheat accessions was sampled that represented the worldwide diversity (Data S1) and genotyped using a high-density SNP array 10 containing 280,226 SNPs (11) . A set of 113,457 high quality SNPs showing less than 2% missing data was selected (Data S2). The genomic position of these SNPs was determined using the IWGSC RefSeq v1.0 (12) . As chip-designed markers can lead to ascertainment bias due to the marker type and selection (13, 14) , we inferred haplotype blocks and corresponding alleles along the genome (Figure S1, Data S3). In total, 8,741 haplotypic blocks were identified that 15 presented an allelic frequency distribution close to expectation under Hardy-Weinberg hypothesis compared to bi-allelic markers (Figures S2-S3; Data S3).
In order to have a better understanding of the evolution of allelic diversity through time, we separated accessions in sets that were relevant in terms of agricultural practices: landraces corresponding to the original pool of worldwide diversity, traditional cultivars registered before 20 the Green Revolution and the global introduction of dwarf genes (1960), and modern varieties registered after 1960. When assigning landraces to different genetic groups, we found that eight groups was a good compromise to describe wheat diversity in terms of assignment stability The high differentiation index between modern lines and Asian landraces (SEA, and INP) (Table  S5 ) supports the fact that the original Asian diversity pool did not contribute much to modern varieties. Finally, the Western European genepool contains most of NWE landraces (62 out of 63), as well as 76% of the Northern and Western Europe traditional and modern varieties. This demonstrates that Northern and Western Europe breeding programs have mainly used local landraces. At a finer scale, we defined eleven groups (Figure 2A ; Table S3 ). The distribution of 5 landraces, traditional and modern lines among those groups not only reflects geographical origins but also more recent migrations and variety releases by influent breeding programs
(Figures 2B; Supplementary Text; Figures S8-S17).
We observed that the composition in structural variations (SVs) evolved through time. When considering the 14,124 Off-Target Variant (OTV) markers, i.e. markers that reveal null alleles 10 and can therefore be used to detect presence / absence variations (16) , the number of null alleles appeared to be quite similar in landraces and traditional cultivars (~1,000 OTVs per line). By contrast, we observed a second group of lines with more than 1,700 OTVs, especially in modern varieties registered after 1970 (Figure 3 ). The structural variations may be due to the use of wild relatives in crop improvement that traces back to the early 1940s and gained prominence during 15 the 1970s and 1980s (17) . A detailed analysis of the OTV distribution revealed more than 80 SV blocks greater than 5 Mb with a cumulative length greater than 4,600 Mb, i.e. almost one third of the entire bread wheat genome (Table S6 ). These large blocks likely correspond to alien introgressions, like for example the rye (Secale cereale) 1RS on chromosome 1B or the Aegilops ventricosa 2NS translocations on chromosome 2A (18, 19) . However, while such large blocks 20 can be easily detected, smaller alien segments, referred to as 'cryptic introgressions', are more difficult to identify (20) . Therefore, it is likely that the total amount of alien DNA present in the current wheat germplasm is by far greater than that. To date, novel alleles have been introgressed from more than 50 species from 13 genera (21), highlighting the importance of these so-called alien introgressions for wheat breeding but also the complex genomic patterns that might have arisen. Although it has been shown that SNP natural genetic diversity in the improved material is significantly lower than the one observed in landraces as a result of domestication and selection (22) , breeding programs have brought some new alleles enriched in SVs related to alien 5 introgressions, leading to an overall genetic diversity that is similar between landraces and modern varieties ( Figure S18 ).
Altogether, these results brought new insights into the worldwide wheat genetic diversity diffusion and evolution. Recent selection and spread led to a modern germplasm that is highly unbalanced compared to the ancestral one found in landraces. Indeed, most of worldwide modern have been scarcely used in modern wheat breeding programs. In addition, the introduction of wild relatives in crop improvement has resulted in a significant amount of alien DNA within the genome of wheat varieties. 15 From a breeder's perspective, the Asian germplasm represents a significant fraction of the worldwide diversity that remains largely unexploited. Nevertheless, as exemplified by the Rht dwarfing genes (23), as well as by disease resistance genes, such as Fhb1 (24), these accessions are a valuable reservoir of novel alleles and genes. It is thus strategic to better characterize these genetic resources in order to exploit them efficiently into pre-breeding programs and fully 20 benefit from their natural resistance to biotic and abiotic stresses.
It is now widely admitted that, because of intraspecific SVs, a single individual genome is not sufficient to describe accurately the whole species (25) . Indeed, while some genes are shared between all individuals (the core genome), some others may be absent from one or more of them (the dispensable genome), the sum of all of the genes defining the pangenome (26, 27) . First attempts to get access to the wheat pangenome have already been made (28) . However, in the absence of a preliminary detailed phylogeographical study, the selected lines might not be representative of the worldwide diversity. We think that non-admixed landraces from each 5 genetic groups described above can be considered as founder lines and would be the ideal candidates to characterize the wheat pangenome. After the completion of a high-quality reference sequence of the hexaploid wheat genome, this is the next challenge for the International Wheat Genome Sequencing Consortium (IWGSC). 
